Free-standing TiO 2 nanotube (NT) films with through holes (i.e., open bottoms) are useful for various applications. In this paper, we report the significant influence of in situ chemical etching during the detachment process on the morphological variation of TiO 2 NT bottoms. Under a high temperature detachment anodization, we noted a high detachment rate with controllable bottom morphologies. Influenced by anodization durations, the bottom opening size could be controlled with morphology transition changing from closed to partially open and then to fully open bottoms. The underlying formation mechanism of variable bottom conditions has been examined through the consideration of field-assisted chemical dissolution of both the barrier layer and the sides of the tubes at the bottom. The production of well-defined through-hole tube membranes in a reliable and controllable way is essential for their practical applications.
Introduction
The synthesis of self-assembled and well-oriented TiO 2 nanotube (NT) structures by electrochemical anodization has attained much recent attention [1] . Broad and important applications such as sensitized solar cells [2, 3] , photo-or photoelectrocatalysis [4, 5] , and Li-ion batteries [6] have been proposed. However, TiO 2 NT films grown on opaque Ti metal substrates have certain drawbacks. For example, in dyesensitized solar cells (DSSCs), the front-side configuration that requires a transparent substrate reaches much higher efficiency than the back-side orientation [7] [8] [9] [10] [11] . As a solution, the free-standing membranes have been fabricated and show the following advantages: (a) in the absence of a blocking layer between the NTs and the substrate, the tube membranes can be well connected to conductive substrates, improving the electron transfer performance [12] ; (b) previous studies indicate that during crystallization the rutile phase grows at the NT-metal interfaces; this hinders electron transport to the substrate. For membranes without the substrate effect, excellent crystallization can be achieved with pure anatase phase [13] ; (c) precrystallized membranes are suitable for low-temperature synthesis of DSSCs on flexible substrates [14, 15] . Self-detachment anodization is a simple but reliable way to produce high quality NTs with controllable thicknesses. However, the resulting membranes generally have closed bottom morphologies, which would deteriorate their performance in various applications.
NTs with a sealed end can trap air inside the tubes making the inner surface of the NTs less accessible [16] . In contrast, through-hole NT structures with open bottoms have more penetration pathways [17] . For example, the open bottom structure in DSSCs has a larger dye adsorption amount and easier transfer of redox ions [18, 19] . Others reported that without the bottom caps the reflection of incident light can be reduced to facilitate electron transport [20] . In quantum dot (QD) sensitized solar cells, through-hole NTs allow the uniform decoration of both inner and outer NT walls with semiconductor QDs [21] . Due to the full access to TiO 2 , a throughhole membrane would be desirable for the conversion of CO 2 and water vapor to hydrocarbon fuels because of the flowthrough reaction configuration [22, 23] . Tube filling with nanoparticles [24, 25] or nanorods [26, 27] requires the efficient flow of solution into interior of NTs. Other newly exploited applications of TiO 2 NT membranes, for example, bioactive filters [28, 29] , ion exchange membranes [30] , and through-hole photocatalysis [31, 32] , also require the use of membranes with open tube bottoms by fixing them to supporting frames.
The fabrication of TiO 2 through-hole membranes is an important research topic. The main target is the elimination of the barrier layer that covers the tube bottoms. After the detachment of the membranes, an additional etching procedure by contact with acid etchants solution or vapor can open the closed bottoms [9, 31, [33] [34] [35] [36] . During the complex and repeated etching process, membranes may be broken, especially for thin films. A quick method to open the closed bottoms has been developed with the assistance of the reduced or elevated anodization voltages at the end of the anodization process [37] [38] [39] . However, the inner diameter of the opened pore is small and the membrane bottom has remnants-this requires an additional etching step to fully open the bottoms [29] . Another direct detachment of tube films at high voltages has no approach to control the objective film morphologies including tube diameter or film thickness [40] .
The effectiveness of the through-hole membranes in various applications strongly depends on the specific bottom feature. However, the detailed controlling of bottom morphologies is still a challenge. In the present investigation, transitions of bottom morphologies are distinguished by varying the anodization duration. Furthermore, through the consideration of the TiO 2 dissolution processes, the underlying formation mechanism of various bottom conditions has been discussed. The results show the advantages of this fabrication strategy including the simplicity of the in situ fabrication process and uniform membranes with wellcontrolled bottom opening sizes.
Materials and Method
Ti foils (1 cm × 3 cm, thickness 0.89 mm, and 99.7% purity, Alfa Aesar) were cleaned with deionized (DI) water, acetone, and isopropanol successively before anodization. The anodization was performed in a two-electrode arrangement with Ti foil as the working electrode and Pt foil as the counter electrode. The distance between the two electrodes was 3 cm. The electrolyte solution was composed of 0.5 wt% NH 4 F and 3 vol% DI water in ethylene glycol. TiO 2 NT array films were prepared by three-step anodization at a constant voltage of 60 V. Firstly, Ti foil was preanodized at a bath temperature of 20 ∘ C for 1 h. The oxide film grown at the Ti surface was then removed by ultrasonication to achieve defined patterns for further tube growth. The second-step anodization was then adopted to grow well-aligned and highly ordered TiO 2 NT arrays in the same electrolyte at 20 ∘ C. The resulting NT films (first step 1 h + second step 1 h) were subjected to thermal treatment (200 ∘ C) in air for 1 h [41] . For comparison, the films were also annealed at a higher temperature of 300 ∘ C. The NT layers were next subjected to a successive thirdstep anodization process in the same electrolyte but with an elevated bath temperature of 30 ∘ C. The anodization duration was adjusted in the range of 0.5-2 h to investigate variations in bottom morphology. The third anodization eventually caused the detachment of the tube layer from the Ti foil. After the anodization processes, the detached free-standing NT films were cleaned with ethanol and dried in air repeatedly. The anodic current densities were recorded by a SourceMeter (Keithley 2400). The morphologies were analyzed with a field-emission scanning electron microscope (FE-SEM, FEI Sirion 200). The crystal structures were measured by X-ray diffraction (XRD, Cu K radiation, Rigaku 9KW SmartLab) patterns.
Results and Discussion
In a general electrochemical growth process, the dissolution process plays an important role in the structural and morphological variations of TiO 2 NTs. This is influenced by the anodic environment such as voltage, water, and fluoride ion (F − ) concentration, duration, electrolyte viscosity, and bath temperature. According to the mechanistic model of NT formation by anodization, two main reactions exist at the anode-the formation of the oxide layer and the dissolution process [42] . Basically, the continuous dissolution of oxide and oxidation of metal at the electrolyte/oxide and oxide/metal interfaces determine the complex kinetic process of tube growth [43] [44] [45] .
The effect of dissolution can be seen in the significant variation of the average NT inner diameter at the top of the layer during the first two anodization steps. As the anodization reaction proceeded, the tube wall became thinner and the tube inner diameter increased (the variation of the bottom morphology is similar and is discussed below). By increasing the duration from 0.5 to 2 h, the average inner diameter increased from ∼80 to 127 nm as estimated by top-view SEM images. However, the outer diameter changed much more slowly than the inner diameter. This suggests that the surface dissolution of tubes by the fluoride in the organic electrolyte during anodization is significant.
Unlike tops with open pores, a barrier layer typically covers the tube bottom and thus is closed. The third-step anodization under a high reaction temperature offered a high growth rate and also a high dissolution rate. This detached the NT films and also opened the closed bottom ends [41] . We found that the current densities increased with a rise in bath temperature. Figure 1 shows the anodic current densities recorded during the second and third steps. Both of the two curves showed a sharp current rise in the initial stage, but the current recovery of the third step was much slower due to the electrolyte penetration through the top NT film before NT growth underneath. For NT growth at the second step, the current density showed a decreasing tendency with anodization time during the oxidation process. However, the current profile was quite uniform at the third step. The gradual detachment of the NT film from the underlying Ti substrate resulted in the increase of current density since the top NT layer would not impede the new NT growth any longer.
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Anodization time (h) Current density (mA cm During conventional anodic tube fabrication, the dissolution of oxides is attributed to the etching by F − , which can also be promoted by the presence of H + . The rapid thirdstep anodization generated more H + at the bottom and led to decreased pH. Thus oxide dissolution at the tube bottom was comparatively high, resulting in film detachment and bottom opening (Figures 2(a)-2(c) ). Figure 2(d) shows the optical image of the detached through-hole film (∼1 cm × 1 cm). From XRD patterns shown in Figure 3 , it is obvious that no anatase (101) main peak was observed when the films were annealed at 200 ∘ C between the second and third steps. The TiO 2 films maintained their amorphous character, showing the dark color. This facilitated the dissolution of the NT bottom during the detachment anodization. However, for NT films annealed at an elevated temperature of 300 ∘ C or above, the NT films were crystallized to anatase phase (Figure 3) . Due to the high stability of anatase NTs, tube membranes with closed bottoms were obtained.
The relationship between membrane bottom morphology and experimental parameters is now discussed. Figure 4 demonstrates the variation of back-side morphologies as a function of detachment time. The NTs showed a doublelayered structure before detachment with an interface. From the cross-sectional images, the duration affected the bottom morphology of TiO 2 NTs. From Figures 4(a) and 4(b) , the bottom caps gradually disappeared along with the formation of open bottoms at some regions. Figure 4 (c) shows that after a lengthy etching the barrier layer was totally dissolved and thus the entire bottom was open. This suggests that dissolution time of the tube bottom is a key parameter governing the opening of the bottoms.
To investigate the possible mechanism of bottom opening, the detailed bottom structure was examined. Figure 5(a) shows that the barrier layer connected to the bottom was not dense, which facilitated the penetration of ions through the barrier oxide layer at the tube bottom with the assistance of an electric field across the layer. Figure 5(b) shows that in some regions at the bottom the detachment of the bottom barrier layer as a whole emerged after the crystallization of the NTs with closed bottoms. This suggests that the tube bottom is loosely connected to the upper region and thus can be separated.
Near the bottom positions, the tube walls consisted of two shells with a double-walled NT morphology ( Figure 5(c) ). As has been reported, the Ti cation (Ti 4+ ) upwards to the oxide/electrolyte interface and oxygen anion (O 2− ) downwards to the oxide/metal interface under anodic field across the bottom oxide can form new oxides at both interfaces [46] . However, because the upper oxide/electrolyte interface was more accessible to F − or carbon ions in the electrolyte [47] , the resulting oxide tube walls were separated into two shells. During the anodization formation process, the dissolution of the two sides (inner and outer) of the tubes was different. The inner shell was in direct contact with the electrolyte and was unstable and prone to dissolution. As a result, when the anodization was prolonged, the inner shell gradually dissolved and the inner diameter increased. This is consistent with a great increase in tube inner diameter for longer anodization times as discussed above. Due to the doubleshell nature of the tube wall, a special morphology would form at the bottom after film detachment. At the bottom, tube sidewalls showed two shells with evident interfaces (discussed below).
Based on the above studies, we suggested a plausible explanation of the chemical etching process at the bottom subjected to the F − -containing electrolyte. During the detachment, the bottom interface dissolved due to the F − rich region existing underneath the tubes and over the outer tube surfaces (Figure 6(a) ). The F − rich layer originated from the accumulation of F − at the metal/oxide interface during tube growth. This can be explained by a flow model [48, 49] . The dissolution of this layer led to the detachment of the films and the separation of tubes at cell boundaries. As discussed in Figure 2 , the anodization formed a new layer of oxide tubes accompanied by the generation of hydrogen ions leading to aggressive acid attack near the bottom region (Figure 6(b) ).
Importantly, the high detachment temperature increased the ion diffusivity [50] . To realize new tube growth under the NT films, anions (O 2− and F − ) should migrate downwards through the bottom cap via the high electric field to arrive at the base of the underlying tubes (Figure 6(a) ). The current densities through the barrier layer were very high at high temperatures, which implied a superior migration rate of F − from the bulk electrolyte towards the reaction region. As a result, the bottom of the tubes was gradually perforated due to significant chemical dissolution during the ionic transport. Afterwards, the small pores at the tube bottom were enlarged due to the etching of the unstable inner shell of the tubesthis altered the bottom morphology from being closed to open. Furthermore, in the bottom side, as the anodization proceeds rapidly, heat was continuously generated during the growth. As the diffusion process was relatively slow, a large amount of heat evolved locally near the bottom of the tubes and established the temperature gradient along the tube. The great change in local temperature under the oxide film possibly accelerated the dissolution of the barrier layer. Considering the high-field model to be the main mechanism [51] , we plotted the relationship between ( ) = √− / / and ln at two temperatures via statistical analysis of the current data ( Figure 7) . The relationship between ( ) and ln was not perfectly linear. The slope, which was proportional to the square root of the absolute temperatures √ , increased with time. That is, ln became smaller as the anodization proceeded implying that the increase in local temperature was due to the reaction heat. New tube growth below the previously formed tube bottom led to preferential chemical etching at the bottom cap, and thus the barrier layer became thinner.
The bottom morphology evolution as a result of in situ etching during the film separation from the Ti foil is shown in Figure 8 . As the detachment anodization proceeded, the bottom barrier oxide layer was gradually thinned and the tube bottom partially opened. Notably, some portion of the tube bottom was covered by remnants (white part in Figure 8(a) ) if the duration was not sufficiently long. This resulted in relatively rough bottoms. The remnants were actually the interface F − rich layer between the oxide NT array and the underlying Ti metal substrate and/or the top of the newly formed oxide layer. The intertube region was also filled with a F − rich layer. Afterwards, extended anodization completely consumed the barrier layer and consequently the bottoms were fully open (Figure 8(b) ). The tube walls showed double shells with inner/outer shell boundaries. The inner diameter of the tubes near the bottom was much smaller than those at the top due to the thick inner shell at the bottom. Further increased duration of dissolution led to thinning of the inner shell of the sidewalls, and the narrow tube mouth was enlarged. Also, the shape of the open ends changed from being hexagonally arranged to round at the bottom Journal of Nanomaterials ( Figure 8(c) ). After prolonged anodization, the tube inner wall was completely dissolved. This resulted in membranes with highly opened tubes. The SEM image of high quality and uniform open tubes on the bottom side is shown in Figure 8(d) .
From the above discussion, detachment and bottom opening occurred simultaneously in in situ etching and the opening of pore bottoms was obtained. An increase in bottom opening size (from ∼60.3 to 123.5 nm) came from extended anodization. This is similar to the variation in the surface diameter. That is to say, the size of the bottom opening is dependent on the degree of dissolution. However, the outer walls changed slightly during the film detachment, which was evident from similar intertube spacing values. It should be noted that during the detachment the NT films remained partially connected to the substrate. The smooth tube bottoms with a large diameter may lead to more accessible inner surfaces of NTs to improve their performance.
Conclusions
In the above work, geometric modification of NT bottom morphologies was greatly affected by anodization temperature and duration. The detachment of tube membranes and the opening of tube bottoms were achieved by in situ chemical etching during anodization. Various open bottom structures could conceivably be obtained as a consequence of the influence of dissolution of the bottom interface layer, barrier layer, and tube sidewalls. The degree of pore enlargement at the bottom increased as the anodization time increased, resulting in the easy adjustment of bottom opening of the membrane layer. These results indicate a useful route to improve the NT morphology and inspire further applications of through-hole TiO 2 NTs.
Conflict of Interests
The authors declare that there is no conflict of interests regarding the publication of this paper.
Journal of Nanomaterials 
